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MEASUREMENTS OF vpn IN AN INTERVAL ABOUT Th FOR PURE HELIUM-4 

AND FOR THREE DILUTE MIXTURES OF HELIUM-3 IN HELIUM-4 

by Rayjor W. H. Webeler and Gabriel Al len 

Lewis Research Center 

SUMMARY 

Measurements of the product of viscosity q and normal density pn have been made 
for  pure He4 and for three He3-He 4 mixtures over temperature intervals which included 
their respective lambda points. The mole fractions of He3 in the mixtures were 0.005, 
0.0475, and 0.1005. The measurements were made using a torsional crystal technique 
in which a piezoelectric, cylindrical quartz crystal w a s  immersed in the sample fluid 
and driven at i t s  resonant frequency in a fundamental torsional mode of vibration. 

A plot of qpn against T w a s  made for  all the mixtures and for pure He4. The 
general shape of the curves w a s  independent of He3 concentration. However, near Th, 
the value of qpn decreased monotonically with increasing x3 at a given value of 
T - TI, where TI i s  the lambda point of the mixture. 

Doubly reduced plots of qpn against T showed that there is a slight but definite 
tendency for the curve to rotate clockwise about the (1,1)point on such a plot, with in
creasing x3 up to about 0.05. 

Values of pn were computed a s  a function of reduced temperature T* and used to 
obtain curves of the viscosity as a function of T*. For both the 0. 5 percent and 10 per
cent mixtures, the q-against-T* curve w a s  precise enough to conclude that 7 and 
dq/dT a r e  continuous across  the relevant TX(x3), considering a precision of 0. 1milli
kelvin in the temperature determination. Such precision w a s  absent for the pure He4. 
However, at larger values of IT - Th I, where the pure He4 measurements a r e  reason
ably precise, the results blended in well with the results for the mixtures. Further
more, the q-against-T* curves for the mixtures showed no tendency to develop discon
tinuities in q or dq/dT as x3 decreased. For these reasons, it has been inferred 
that both q and dq/dT a r e  continuous across  Th(0) for pure He4. 

A further result reported herein is that, up to concentrations of 10-percent He3, the 
viscosity at the lambda point of the mixture qx(x3) bears  a linear relation to the lambda 
temperature of the mixture Th(x3). Since Th(x3) is given by X ~ / ~ T ~ ( O )to a good ap
proximation, th i s  result is tantamount to asserting that qh(x3) - ~ ~ ( 0 )is proportional to 
(1 - x;’3)~,(~). 



INTRODUCTl ON 

Although measurements of the viscosity of liquid He4 have been carried out for 
more than 60 years over a wide range of experimental conditions, good reasons for 

further investigations still remain. Firs t  of all, there is a wide divergence among 

published viscosity values q below 1. 3 K (ref. 1). Secondly, while there is much bet


ter agreement near 2 K, the question concerning the continuity of q and/or dq/dT 

across  T, remains unanswered, and the existing data a r e  rather sparse  near Th - t 


One experimental problem in obtaining viscosity data in the neighborhood of T, is 
the determination of the temperature of the sample fluid. For T < T,, the very high L 

heat-transport properties of liquid He4 makes it an ideal heat-reservoir material. But 
very close to T, its heat-transport properties rapidly decrease, and about T, they 
a r e  poor. If the sample fluid and bath reservoir a r e  both He4, they wil l  both pass 
through their lambda points at about the same time. This wil l  destroy the isothermal 
environment of the sample fluid, making it difficult to obtain a precise unambiguous 
temperature. 

To overcome this difficulty, the lambda point of the sample fluid can be depressed 
below that of the reservoir. Then the reservoir maintains excellent heat-transport 
properties on both sides of the lambda point of the sample fluid. This can be accom
plished by keeping the sample fluid at  a higher pressure than the bath, but this method 
can result in other difficulties (ref. 2). Another way to depress the lambda point i s  to 
add some He3 to the sample fluid. This method, which w a s  used in the present inves
tigation, enables highly reproducible measurements to be made on the sample fluid in 
the immediate vicinity of and across  i ts  lambda point. However, the data a r e  then 
measurements of the He3 -He 4 mixtures, rather than of pure He4. 

This last point is not a disadvantage, of course. In the first  place, such data on 
the mixtures a re  of interkst in themselves. The only previously published viscosity 
values of He3 -He 4 mixtures in temperature intervals which include their respective 
lambda points a r e  the rather sparse data of Dash and Taylor (ref. 3). Staas et al. 
(ref. 4) reported viscosity values as a function of temperature for He3 -He 4 mixtures 
over a wide range of concentrations of He3. But all these latter measurements, a r e  
below the lambda points of the respective mixtures. Their absolute values also appear 
to be about 20 percent too low. A fairly comprehensive list of references to previous 4 

work can be found in reference 5. In the second place, the present measurements 
turned out to be so  precise that some inferences about pure He4 could be obtained by 
extrapolation from the dilute mixtures. These inferences, which concern the continuity

4of q and dq/dT across  T,(O), could not be made from the available data for pure He . 
In this investigation, using the torsional crystal technique, measurements were 

made of qpn as a function of temperature for pure He4 and for He3-He 4 mixtures con- I 
I 

i 
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taining three different concentrations of He3: x3 of 0.005, 0.0475, and 0.1005. Here, 
pn is the normal density of the mixture. 

After examining some alternatives, it w a s  decided that a very useful way to compare 
results for different concentrations of He3 w a s  to make doubly reduced plots of the data. 
In these plots, not only the temperature but also the ordinates are expressed as multi
ples of the lambda point values. On such a plot, the lambda transition is always located 
at (1,l). The use of such plots for the mixtures and pure He4 in the present investiga

5 
tion enabled us  to determine the ( 1 , l )  point more accurately than had been done in refer
ence 6. In fact, we  were able to determine a temperature correction for data given in 
reference 6. 

Furthermore, the availability of accurate values of the normal density of pure He4 

enabled the viscosity to be derived from our measured values of qp,. An examination 
of the v-against-T* plots established the inference that there is no discontinuity in 
either 7 o r  dq/dT across  Th(0) for pure He4 , 

SYMBOLS 
il 

i 
M3 molar mass  of He3 , &/mole 

T temperature, K 

T* reduced temperature of the mixture, T* = T/Th 

TX(O) experimental lambda temperature of pure He4 

v3 partial molar volume of He3 in the mixture, m 3/mole 

v4 partial molar volume of He4 in the mixture, m 3/mole (Here, V4 is taken 
to be equal to the molar volume of pure He4 at Th(0). ) 

molar volume of the mixture at i ts  lambda point, x3V3 + x4V4 

x3 mole fraction of He3 

L 


x4 mole fraction of He4 

c Y number obtained by fitting a straight line to an experimental plot of an effec-
tive hydrodynamic density against the density of a superfluid, y = 0. 796 

viscosity, N- sec/mz 

M3/V3 
normal density of pure liquid He4 at a value of T*(O) equal to T* of 

He3-He4 mixture (denoted by 3-4); experimental temperature correspond
ing to T* in term pn(T*, 0) is TX(0)T*# TX(x3)T* 

3 



p: 	 density of pure He4 at TA(0), kg/m 3 

q3 volume fraction of He 3 in the mixture, x3V3/V, 

q4 volume fraction of He4 in the mixture, 1 - q3 
Superscript:
* reduced quantity 

EXPERIMENTAL PROCEDURE AND APPARATUS 

A piezoelectric, cylindrical quartz crystal w a s  immersed in the liquid of interest 
and driven in a torsional mode of vibration at its resonant frequent of 11 kilohertz. The 
logarithmic decrements were then determined as a function of temperature by measur
ing the crystal resistance at resonance. This method of measuring the viscosity w a s  
first used by Welber and Quimby (ref. 7).  As a result of a number of refinements in 
the apparatus, the sensitivity and precision of the method have been greatly improved 
(ref. 5). 

A silver crystal holder served as a support for four pure silver electrode quadrants 
that surround, but do not contact, the crystal (fig. 1). The crystal w a s  0. 53 centimeter 
in diameter by 17 .7  centimeters long and w a s  supported by two nylon threads at its cen
tral displacement node. The space between the electrode quadrants and the crystal sur
face (about 0.05 cm)was filled by the mixture of interest, and it w a s  this portion of the 
total amount of fluid (about 0.75 mole) in the copper sample chamber which provided the 
measured decrement. 

The crystal resistance was  measured by capacitance coupling to the electrode quad
rants, which thereby eliminated the need for a mechanical contact. These quadrants 
were connected to one arm of a modified Schering capacitance bridge by small electrical 
wires running inside a capillary tube from the sample chamber to room temperature. 
A PAR two-phase lock-in amplifier w a s  used to detect the null bridge balance for small 
driving voltages (4  to 9 mV) across  the crystal at the crystal  resonant frequency. 

The low-temperature apparatus (fig. 2) used in this investigation w a s  originally de
signed for measurements near 0. l K rather than specifically for measurements near 
2 K. However, some minor modifications made it suitable for the lambda point meas
urements for which it w a s  used. By drilling a number of holes in the bottom of the 
b r a s s  chamber of the apparatus, the middle chamber (which surrounds the sample cham
ber) filled with liquid He4 from the bath reservoir. This He 4 in the middle chamber 
was  in contact with the copper sample chamber and served as a heat exchanger between 
the reservoir and the sample chamber. In this way, the temperature of the sample 
chamber w a s  regulated by the temperature of the liquid He4 in the reservoir. The tem
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Figure 1. -Tors ional  crystal suspension system p r i o r  to placement
in sample chamber of f igure 2. 
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Figure 2. - Schematic of low-temperature apparatus. 
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perature of the bath reservoir w a s  controlled by a Texas Instruments Bourdon Tube 
Pressure Gauge (TIBTPG), a Texas Instruments Pressure Controller (TIPC), two 
pumping systems for the reservoir, and an auxiliary He4 gas supply. The latter was  
bled into the reservoir system at a rate determined by the TIPC. The TIBTPG sensed 
the vapor pressure of the liquid He4 in the middle chamber with a sensitivity better than 
one part in 10 000. Temperature changes less than 0.1 millikelvin could be detected. 

The temperature controller functioned as follows: The TIBTPG was  set to provide 
1 a zero e r ro r  signal at a given vapor pressure corresponding to the temperature at which 

data were to be taken. If the vapor pressure in the middle chamber deviated from the 
4 	 chosen setting, the TIBTPG produced an e r ror  signal which was  sensed by the servo

mechanism in the TIPC and accordingly adjusted the flow of He4 gas into the reservoir 

system and pumping lines. This method of sensing the vapor pressure of the middle 
chamber and using the flow of He4 gas into the reservoir system to change the temper
ature of the bath wil l  not work above the lambda point temperature of the reservoir. On 
the other hand, it works very well near but below the lambda transition. 

It w a s  necessary to have a primary pumping system in addition to the pumping sys
tem required in conjunction with the TIPC. When both pumping systems and the temper
ature control system were operating properly, no temperature oscillations were detect1 able. The electrical resistance of the crystal varied rapidly with temperature just below 
Th(x3) due to the rapidly changing values of qp,. In fact, for dilute mixtures of He3 in 

He4 , a small change in its temperature near but below TX(x3)w a s  accompanied by an
order-of-magnitude-greater change in qp,. The crystal resistance could be measured 
to  a few parts in 30 000, so  that such measurements provided another more sensitive 
means of checking on the temperature stability of the temperature control system to 
supplement the measurement of just the temperature or  the vapor pressure. 

The sample temperature w a s  determined from both resistance thermometer meas
urements and vapor pressure measurements of the liquid He4 in the middle chamber. 
The useful thermometers in the sample chamber consisted of four nominal 10-ohm, 
0. 1-watt Allen Bradley carbon composition resistors. These thermometers were 
mounted in the sample chamber in a previous experiment and so were retained even 
though their dR/dT w a s  not optimum near 2 K. They were wired electrically in pa
rallel  and calibrated by means of vapor pressure measurements from liquid He4 in the 
middle chamber. A fused quartz Bourdon tube with a range of 0.0 to 3.37X10 4 newtons 
per square meter (0.0 to 253 mm Hg) w a s  in the TIBTPG which w a s  used to measure 
the vapor pressure. The absolute temperature could only be determined to within 
2 millikelvin, but changes less  than 0. 1millikelvin were detectable. 

If the middle chamber contained liquid He 11, the TIBTPG determined the temper
ature of the sample chamber with better precision than the nominal 10-ohm Allen Brad
ley resistance thermometers. (Temperature changes could be determined with a 
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precision of 4.1 mK using the resistance thermocouples. ) However, this w a s  not true 
when the middle chamber contained He I. At and above the lambda point of the He4 in 
the middle chamber and reservoir, only the resistance thermometers were useful in 
determining sample chamber temperature. 

Since the absolute temperature of the sample could not be determined more accur
ately than to 1 to 2 millikelvins, the measured temperature could not be used to locate 
the lambda transition for pure He4 or any of the mixtures with sufficient accuracy. The 

?
experimental lambda point for any particular mixture was chosen by carefully locating 
the temperature at which a discontinuity in the slope of the vpn occurred. This method 
of locating the lambda point was  not used for pure He4 due to the large scatter of the b 

pure He4 data. For pure He4, the lambda point w a s  located by adding a correction to 
the very precisely determined experimental lambda temperature for the 0. 5-percent 
mixture. The experimental Tx(0) used was  Tx(O. 005) + / A T  1 ,  where A T  is the 
amount by which the lambda point of pure He4 differs from that of the 0.005-mole
fraction mixture. This decrease follows the 2/3 power of x4 (ref. 3) with sufficient ac
curacy. 

The composition of the mixtures w a s  determined by first introducing a measured 
pressure of He3 gas into an evacuated tank, and then introducing pure He4 gas from a 
high-pressure source until the desired composition resulted (assuming ideal-gas be
havior). The accuracy with which the composition w a s  prepared w a s  limited only by the 
accuracy with which the pressures could be determined from the TIPC. This w a s  better 
than 2 percent for the 0.005-mole-fraction sample which w a s  the least accurate. How
ever, this, in general, w a s  not necessarily a true indication of the accuracy of the com
position in the sample chamber during the measurements. The sample volume was  
comparatively large (3/4 mole of mixture), and the liquid nearly filled the entire sample 
chamber except for a capillary. This procedure kept the e r ror  due to vaporization very 
small. 

After the data were taken, the composition of the 0.005- and 0. 1005-mole-fraction 
mixtures w a s  checked to ensure that no leaks to the He4 reservoir had occurred during 
the course of the measurements. The contents of the sample chamber were collected 
during warmup to room temperature, and a random sample w a s  analyzed with a mass 
spectrometer designed to do simple gas analysis. The resolution of the spectrometer 
w a s  a.0003 for the 0.005-mole-fraction mixture and 4 . 0 0 2  for the 0.1005-mole
fraction mixture. 

Due to the presence of a capillary plug (which w a s  noticed on filling the sample 
chamber), the composition of the 0.0475-mole-fraction mixture had to be determined 
in an entirely different way. It w a s  determined by comparing the absolute values of 
qpn with values determined in a previous experiment on a sample of slightly lower but 
known composition. We estimate the uncertainty in composition of this mixture to be 
rto. 001 mole fraction. 
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M3 

DETERMINATION OF THE NORMAL DENSITY OF THE MIXTURES 

The physical quantity measured in the usual "viscosity" measurements on liquid 
helium is the product of viscosity and the normal density of the fluid qp,. In order to 
know q alone, it is necessary to find p,. From the results of the difficult measure
ments of pn, the necessary ingredients for the computation were set forth in a classic 
paper by Dash and Taylor (ref. 3). In this paper, it w a s  shown that the normal density 

t 

of a He3-He 4 mixture could be expressed as 

i 

where 

T* reduced temperature of the mixture, T* = T/Th 
volume fraction of He3 in the mixture, q3  = x3(V3/Vh)

'p3 

! 1 - 'p3 

q 4  molar mass  of He 3 , kg/mole 

v, x3v3 + x4v4 


v3 partial molar volume of He3 in the mixture 


v4 partial molar volume of He4 in the mixture 

p3 M3/V3 
Y number obtained by fitting a straight line to an experimental plot of effective 

hydrodynamic density against density of superfluid, y = 0. 796 

PA 
0 density of pure He4 at Th(0) 

Th(O) experimental lambda point of pure He 4 

4 

pn(T*, 0) normal density of liquid He4 at value of T*(O) equal to T*(x3) of the 
3 4 

I He -He mixture (denoted by 3-4); experimental temperature correspond
ing to T* in term pn(T*, 0) is TX(21T*# TX(x3)T* 

The reasoning on which equation (1)w a s  based still appears valid. However, there 
now exist improved measurements of some of the quantities needed to compute some of 
the variables on the right side of the equation. To begin with, in reference 3, the value 
of V3 w a s  given as 3 5 . 5 5 2 ~ 1 0 - ~cubic meters. This value w a s  based on a value of 
3 8 . 4 5 6 ~ 1 0 - ~cubic meters  for the molar volume of pure He3 at 2 K, a convenient tem
perature near TX(x3) of the mixtures. Subsequently, Kerr and Taylor (ref. 8) made a 
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more precise measurement of this quantity and obtained a value of 3 8 . 8 5 4 ~ 1 0 - ~cubic 
meters. Accordingly, the value of V3 was proportionately adjusted to 3 5 . 9 2 0 ~ 1 0 - ~  
cubic meters  in computing q 3  and V3. Using this adjusted value of V3 and the value 

of 3.01603 for the atomic wzight of He3 on the C12 scale, a value of 83.97 kilograms per 
cubic meter  (0.08397 g/cm3) is obtained for p3. 

Using the same apparatus in which the improved measurements on He3 were made, 
Kerr  and Taylor (ref. 9) also made improved measurements of the molar volume of He4. t 
The value obtained w a s  2 7 . 3 8 7 ~ 1 0 - ~cubic meters  and is used here. This completes the 
modifications to the values given in reference 3 which were used in calculating the first 
term on the right side of equation (1). 

Some modifications to the values given in reference 3 were made in the second term 
on the right side of equation (1)also. Clow and Reppy (ref. 10) showed that, for 
TA - T 5 0.060 K, 

where p4 is the density of pure liquid He4 and ps is the density of the superfluid com
ponent. Very soon afterwards, Tyson and Douglass (ref. 11) made a more precise 
measurement of the exponent and determined i t s  value as 0.666 4.006. Therefore the 
following expression w a s  used to compute pn(T*, 0): 

pn(T*, 0 )  = p4(T*){l - 1.438 1"""") for T* < 1 

p,(~*,  0) = P&T*) for T* 5 1 

Here, p4(T*), the total density of liquid He4 at T*, has a maximum at about 

T* = 1.00276 and changes very little for T* > 1.00276. The expansion coefficient in the 

vicinity of TA(0)is about 0.01. Therefore, p4(T*) w a s  computed from the relation: 


p4(T*) = p: [1 - O.Ol(1.00276 - T*q for T* < 1.00276 

0 for T*? 1.00276P4(T*) = PA 

0where pA is the density of pure He4 at T* = 1 and has a value of 146.207 kilograms 
per  cubic meter. For dilute solutions of He3 , the term involving pn(T*, 0) is the largest 
of the three te rms  on the right side of equation (1). Thus, the papers of Clow and Reppy 
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(ref. 10) and Tyson and Douglass (ref. 111, which established the variation of p, with 
the 2/3 power of TX(0) - T, were of considerable importance in that pn(T*, 0) could now 
be computed accurately. 

To summarize, the following relations were used to compute the normal component 
of the 3-4 density: 

x3
cP3=  

~3 + 0.76244(1 - x3) 

q 4  = 1 - P 3  

y = 0. 796 

p3(T*) = 83. 97 

pn(T*, 0) = 146. 207[1 - O.Ol(1.00276 - T*fl[l - 2.41175(1 - T*)'- 666] for T* < 1 

pn(T*, 0) = 146.207 [1 - O.Ol(1.00276 - T*] for  15 T* < 1.00276 

pn(T*, 0) = 146.207 for T* 2 1.00276 

The normal component of pure He4 is obtained by using pn(T*, 0). A graph of 
p,(T*, q3) computed from this formula is shown in figure 3 for  the 0. 5-percent solution. 

140 I I 2 
.991 ,998 .999 1.000 - 1.001 1.002 

Reduced temperature, T" 

Figure 3. - Camp ted normal density as function of reduced temperature for0.5-percent-He Y .mixture. 
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RESULTS AND DISCUSSION 

The measured values of qpn against T58 for the three He3-He4 mixtures and for 
pure He4 are shown in figure 4. The results show clearly that qpn is a monotonic de
creasing function of He3 concentration. Although this behavior is to be expected quali
tatively since the addition of He3 decreases the density of the mixture, the viscosity 
itself decreases monotonically with increasing He 3 concentration at any fixed value of 
T - TA(x3) within the range of temperature and composition considered in this investiga
tion (see fig. 6). 

3.9
m -u 
E 3.8
m 

.z 3.7 
0 

1 


2 3 .6 -
F * 
.--5 3.5-

.* I 
YI 

c 

-U 
m 3 .4 - 1E 
I 


(r 

~ 3 .3 
(D 

x c
.z 3.2 - .0VI
.
2 3 .1 
0 
I 
U

$ 3.0 - . a 

2.91 I I I I I I 
2.00 2.02 2.04 2.06 2.08 2. 10 2. 12 2. 14 2. 16 2. 18 2.20 

Experimental temperature, T5& K 

Figure 4. - Product of viscosity and normal  density as funct ion of experimental temperature for pu re  He4 and d i lu te  He3-He4 mixtures. 
(Precision in T58 is  better t han  a.1mil l ikelvin; t he  a b s 0 1 u t e T ~ ~is  uncer ta in  w i t h i n s  mil l ikelvins; precision i n  npn is about 
0.05 percent. The a p p r ~ x i m a t e T ~ ~absolute temperature may be obtained by subtracting 1.7 mi l l ike lv ins from experimentally determined 
temperatures shown on abscissa. ) 

The functional dependence on T of all the qpn curves seems to be qualitatively 
similar, so some quantitative measure of the similarity among different concentrations 
would be of interest. As w a s  indicated in the INTRODUCTION, doubly reduced plots 
provide such a measure. A doubly reduced plot is one on which both the ordinate and 
the abscissa are expressed in multiples of the respective values of the unreduced quan
tity at Tx(x3). On such a plot, the transition between the normal and the superfluid 
state is at the location (1,l) for all concentrations. A superscript * is used to dis
tinguish a reduced quantity from the corresponding unreduced quantity. 

12 




.950 

A plot of (qpn)* against T* is shown in figure 5(a) for pure He4, for a mixture 
containing 0.5-percent He3 and for another mixture containing 10-percent He3. Data 
for the 4.7-percent mixture a r e  not included because they fall very close to the 
10-percent data and would make it more difficult to discern the change in the curves as 
a function of concentration. On this plot, the curves are indeed very similar for all the 
mixtures. However, there i s  a clear tendency for  the curves to rotate clockwise about 
the (1, 1)point with increasing x3. 

1.030 
m 

m
l.02J[ 8 . .. . 

v 	 10% He3 
0.5% He3 
Pure He4 

.960 t I i i i i i -, 
.9980 .9990 1.000 1.0010 1.0020 1.0030 

(a) Wide range. 

l.olor 

1.000 

c

F 


.990 

.980 I I I 1 
.9994 .9996 .9998 1.0000 1.0002 1.0004 1.0006 

T:x = Tineas(, ) /Tyas(,3)
3 

(b) Expanded and smoothed plot for  0.5-percent-He3 mixture. 

Figure 5. - Reduced product of viscosity and normal density as 
func t ion  of reduced temperature. 

An e. .panded and smoothed (qp,)*-against-T* plot is shown in figure 5(b) for the 
0. 5-percent mixture. The experimental lambda point for the 0. 5-percent curve could 
be determined to within a.1millikelvin. (Ofcourse, this is not the accuracy. ) The 
absolute temperature of the measurements is known only to within 2 millikelvin. Simi
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larly, the precision of the values of (qp,) is approximately 0.05 percent, whereas the 
accuracy was  not determined. 

The precision of the results for the mixtures is clearly very much better than for 
pure He4 (see fig. 5(a)). In particular, it was  possible to determine Th(x3) from these 
curves with reasonable confidence when x3 w a s  nonzero. Therefore, the values of 
Th(x3) which were used to analyze the data and to  determine T*(x3) were obtained from 
these curves. This procedure w a s  clearly unsatisfactory for pure He4, s o  that Th(0) 
w a s  obtained by extrapolating the value of Th(O. 005) to zero concentration of He3. The 
determination of Th(x3) and Th(0) was  described in the section EXPERIMENTAL PRO
CEDURE AND APPARATUS. 

For the mixtures, the values of (qp,) a t  the lambda point, ( q pn )X' were determined 
from smoothed expanded plots of the curves in figure 4 by noting the ordinates corre
sponding to the values of TX(x3). It was  decided that, for pure He4, a better estimate 

of (qp,) 
h 

could be obtained by plotting (qp,) 
h 

's for  the mixtures against x3 and ex
n 

trapolating to zero He' concentration. 
These procedures yield only the experimental values of (qp,) and Th(x3). How

h 
ever, these quantities a r e  the ones which a r e  relevant for comparing results among dif
ferent concentrations, since the "true" absolute values were not determined. 

The absolute values of qpn in the present experiment appear to be about 1 . 4 ~ 1 0 - ~  
(N-sec/m 2) (kg/m 3) (0.14micropoise g cmm3)too high (about 4 percent too high at Th 
for pure He4) compared to the values reported in references 5 and 6, which a r e  probably 
more reliable. (A comparison at lower temperatures leads u s  to believe that the crys
tal w a s  slightly cocked in the present experiment. ) With regard to the temperature, we 
conclude that approximate values of temperature on the T58 scale can be obtained by 
subtracting 1. 7 millikelvins from the experimental temperatures on the abscissas of 
figures 4 and 6. 

It has also been possible to use the present results to correct the absolute temper
ature on the T58 scale shown in table I of references 5 and 6. The correction is based 
on a finding that the pure He4 data from these earlier measurements can best be made 
consistent with the present data if the lambda point in these references is moved from 
the high-temperature side of the data gap to the low-temperature side. In these refer
ences the location of the lambda point of pure He4w a s  somewhat uncertain due to the 
absence of data over a 2-millikelvin interval which included Th(0). The lambda point 
w a s  taken to be near the high-temperature side of the data gap partly because this side 
of the data gap corresponded to a measured experimental temperature of 2. 172 K. The 
present investigation has demonstrated that none of our experimental temperatures 
could be used to determine the lambda point of pure He4 more accurately than within a 
few millikelvins. Thus, the aforementioned lambda point in references 5 and 6 could 
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actually have been anywhere within the data gap, and some other factors would have to 
be considered in deciding where the lambda point lay. 

A doubly reduced plot of the pure He4 data from reference 5 w a s  made and compared 
with the data from the present investigation. It w a s  found that the two plots could be 
made nearly identical if the lambda point in reference 5 were moved from the higher 
temperature side of the data gap to the lower temperature side. We have, therefore, 
concluded that the results of reference 5 should be corrected. This correction requires 
that 1.4 millikelvins must be added to all temperatures listed in table I of references 
5 and 6. With this correction, the temperature values listed in the table a r e  the abso
lute temperatures on the T5* scale with TA(0)at 2. 172 K. 

The viscosity of the mixtures w a s  also of interest. This quantity w a s  derived from 
the qpn values by using the calculated values of pn. The variation of pn with T is 
so rapid near TA(x3)that serious e r ro r s  in q could result  from small e r ro r s  in the 
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Figure 6. - Viscosity as a funct ion of experimental temperature for pure He4 and d i lu te  He3-He4 mixtures. 

absolute temperature. Therefore, pn w a s  computed as a function of T*, which we 
know much better than T absolute. Figure 6 shows q against T(x3) for pure He4 and 
for three mixtures. The results show that, as w a s  mentioned earlier, q decreases with 
x3 at a given value of T - TA. 

This conclusion is not meant to be extrapolated, for T(x3) < TA(x3), to values of 
T(x3) - TA(x3)larger than those shown in figure 6. In addition, it should be kept in mind 

15 




v) .- 
> 

.9980 .9990 

2 5 . 4 r  

.-;al I . *  

1 /*
00 

2 5 . 0 c  

“ 5 . 1  **;** 
-0.00 10 

v).- ** > - =  
24.6l 

I 
* I  ’***** 1.0000I7 1.-

1. 
-I 
OOM

24.6
.9980 .9990 1.00 10 

Reduced temperature, T* 

F igure 7. - Viscosity as funct ion of reduced temperature fo r  0.5-percent-
He3 mixture. 

that the computation of pn(T*, x3) cannot be reliably extrapolated to values of T* and 
x3 outside of the range used here. 

Figure 7 is an expanded plot of q against T* for an x3 of 0.005. This curve 
shows that neither q nor dq/dT is discontinuous across  Tx. The conclusion to be 
drawn from this figure is that the sharp change in qpn across  Tx a r e  due entirely to 

Pn. Figure 8 shows, in a less  precise manner, that this is also true for the 0.1005
mole-fraction mixture. The significance of the apparent slight change in slope of q 
against T* at a temperature about 1 millikelvin above the lambda point is not clear. 
However, as can be seen from figure 5(b), it  can be stated with confidence that this 

22.9 Open symbols denote that  temperature 
22.8 contro l ler  was not used at these points 

= 22.7 
e 22.6 
.-	5 22.5 
Lns 22.4 .-VI 
> 22.3 

22. 2 _ _  1 .- .L-..l J. ~ L___L ._ 

.9980 1.0020 
Reduced temperature, T”‘ 

F igure 8. - Viscosity as funct ion of reduced temperature f o r  10-percent-
He3 mixture. 

break in the slope of the q-against-T* curve cannot be due to an improperly determined 
lambda point. 

Another point worth noting is shown in figure 9. Let qA(x3) denote the viscosity at 
TX(x3)for a He3 concentration given by x3. Then figure 9 shows that the dependence of 
qx(x3) on TX(x3) is well  fitted by a straight line. This result does not seem to have 
been published heretofore. It has been mentioned earlier that TX(x3) is closely approx
imated by (1 - x,)”/~T,(O) (refs. 10 and 11). Therefore, it may be concluded from 
figure 9 that 
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Figure 9. - Viscosity at lambda point as funct ion of lambda temperature for pu re  He4 and th ree  He3-He4 
mixtures. (The straight l i n e  was drawn th rough  points corresponding to x3 = 0.005 and x3 = 0.1005 
(the most reliable points). For pu re  He4, TA(OI was obtained by adding a correction to T (0 005); 
~ ~ ( 0 )was obtained as followS: First, a plot of q p  against x3 was extrapolated to z e r o h e l  concen
tration; then, t h i s  value was divided by the  accep?ed value of pn at TA(0),which is 146.2 kg/m3. 

where A is a constant equal to the negative of the slope of the line in figure 9. This 
result does not seem to have been published heretofore. 

Finally, we wish to set  forth our reasons for believing that q and dq/dT of pure 
He 4 a r e  continuous across TX(0). Of course, the obvious points that q and dq/dT 
a r e  very smooth across  TX for the 0.5-percent mixture and that 0.5 percent i s  only a 
small amount of He3 a r e  important parts of the argument. However, the case is some
what stronger than this. First of all, the value of TA(0)w a s  obtained by adjusting 
TX(x3)to zero concentration of He3, and (qpJX was  obtained by extrapolating the qpn 

curve for the mixtures, as explained previously. The doubly reduced plots of q p ,  
against T for pure He4 using these values blend smoothly into the curves for the mix
tures (taking into consideration the comparatively poor precision of the He4 data near 
TX(0)). The same behavior is evident for the 10-percent solution, as shown in figure 8. 
Secondly, there does not seem to be any tendency for q to become ill behaved as x3 
decreases. The normal density, of course does have a discontinuous slope at Tx(x3). 
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We feel that, taken together, these facts indicate strongly that q and dq/dT are both 
likely to  be continuous across  TA(0). 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, July 21, 1971, 
112-02. 
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